This study analyzes anisotropic properties of the material transport by eddies and eddy-driven zonal jets in a general circulation model of the North Atlantic through the analysis of Lagrangian particle trajectories. Spreading rates-defined here as half the rate of change in the particle dispersion-in the zonal direction systematically exceed the meridional rates by an order of magnitude. Area-averaged values for the upperocean zonal and meridional spreading rates are approximately 8100 and 1400 m 2 s 21 , respectively, and in the deep ocean they are 2400 and 200 m 2 s 21 . The results demonstrate that this anisotropy is mainly due to the action of the transient eddies and not to the shear dispersion associated with the time-mean jets. This property is consistent with the fact that eddies in this study have zonally elongated shapes. With the exception of the upper-ocean subpolar gyre, eddies also cause the superdiffusive zonal spreading, significant variations in the spreading rate in the vertical and meridional directions, and the difference between the westward and eastward spreading.
Introduction
Mesoscale eddies represent one of the main vehicles for tracer transport in the oceans. Predominantly alongisopycnal eddy fluxes of temperature and salinity play an important role in supporting the stratification in the midlatitudes (Radko and Marshall 2004; Henning and Vallis 2005; Cessi and Fantini 2004) . Eddy transports of bio-or geochemical tracers affect uptake and distribution of transient atmospheric gases, such as the chlorofluorocarbons (Booth and Kamenkovich 2008) and carbon dioxide. Understanding the eddy dynamics and the adequate representation of eddy transports is thus crucial for accurate prediction of climate change. Since climate models cannot resolve oceanic mesoscale, the eddy effects have to be parameterized by mixing schemes, such as downgradient diffusion. In most parameterization schemes, the diffusivity coefficients are often determined empirically and assumed to be constant. Existing evidence based on direct observations and numerical simulations, however, suggests strongly nonuniform spatial distribution of the eddy effects. The spatial structure of the mesoscale eddies tends to be highly anisotropic (e.g., Huang et al. 2007; Scott et al. 2008; Berloff et al. 2009 ). The estimates of the diffusivity based on the Lagrangian statistics from drifters suggest that, in the tropical Pacific, the zonal diffusivity is approximately 7 times larger than the meridional one (Bauer et al. 2002) and in the Southern Ocean it is also larger than the meridional diffusivity (Sallee et al. 2008) . The diffusivities estimated from float (LaCasce and Bower 2000; Lumpkin et al. 2002) and satellite (Marshall et al. 2006 ) data also vary strongly with geographical location. Eddy-resolving simulations also demonstrate highly nonuniform spatial distribution of eddy mixing of temperature and salinity (Gille and Davis 1999; Nakamura and Chao 2000; Roberts and Marshall 2000) and highly anisotropic dispersion (Berloff et al. 2002; Veneziani et al. 2005) . Nonuniform spatial distribution of the eddy mixing has important effects on distribution of tracers in eddy-resolving North Atlantic simulations (Booth and Kamenkovich 2008) .
One of the important examples of the processes that can influence tracer spreading in the oceans is the phenomenon of the multiple alternating zonal jets. These jets have been detected in altimeter data (Maximenko et al. 2005; Huang et al. 2007 ), float measurements (Hogg and Owens 1999; Treguier et al. 2003) , and eddyresolving GCMs (Galperin et al. 2004; Nakano and Hasumi 2005; Richards et al. 2006; Kamenkovich et al. 2009, hereafter KBP09) . These jets are eddy driven (e.g., Rhines 1994; Thompson and Young 2007; Berloff et al. 2009; KBP09) and are not reproduced by non-eddypermitting numerical simulations. The presence of the jets can result in the difference between the tracer transports in zonal and meridional directions due to shear dispersion (Taylor 1953; Young et al. 1982) . Smith (2005) 's study, with an isotropic eddy field superimposed onto zonally uniform barotropic jets, demonstrates that the shear dispersion in this case results in highly anisotropic mixing. In particular, he demonstrates that the turbulent tracer transport in the direction of the uniform barotropic jets corresponds to diffusivity inversely proportional to the cross-jet diffusivity. The along-jet diffusivity is typically two orders of magnitude greater than the cross-jet diffusivity. One of the objectives of this study is to estimate the significance of shear dispersion in a more complex situation with anisotropic eddies and two-dimensional time-mean flow. Zonally elongated transient eddies, which have a long correlation scale in the zonal direction and are strongly zonally sheared, are expected to lead to a predominantly zonal material transport (see the appendix). To distinguish these effects from those of the time-mean currents in this study, we use the term ''shear dispersion'' as the particle dispersion resulting from the presence of time-mean currents.
The main goal of this study is to characterize the following three aspects of the anisotropic material transports: 1) the difference between the zonal and meridional directions, 2) the nonuniform distributions of transports in the meridional and vertical directions, and 3) the eastwest and north-south asymmetry of tracer spreading. Our GCM study is based on Lagrangian particle statistics (e.g., Owens 1984; Davis 1991 ; also see a review in LaCasce 2008). From the practical point of view, the diffusivities estimated from eddy-permitting simulations can guide the development of the parameterizations of unresolved eddy transports in non-eddy-permitting models.
Such parameterizations have to account for the tracer dispersion by the eddies (direct eddy effects) and the spreading of the tracers by eddy-driven flows (indirect eddy effects). The relative importance of the direct and indirect eddy effects on the tracer dispersion is one of the main topics of this study. We address this issue by analyzing spatial structure of the spreading of the Lagrangian particles and by comparing particle trajectories in the flow with and without time-mean eddydriven currents.
Numerical model
The eddy-resolving numerical model of the North Atlantic used in this study is the one used in KBP09, and is only briefly described in this paper. The model is based on the Geophysical Dynamics Laboratory Modular Ocean Model (GFDL MOM) 3.0 code (Pacanowski and Griffies 1999) , which solves the equations of motion on fixed geopotential surfaces. The horizontal resolution is 1 /88 in both latitudinal and longitudinal directions, which permits simulation of mesoscale eddies. Idealized features of the model simplify the spinup and the analysis of results. The domain spans from 148 to 608N and from 708 to 108W and conventional sponge boundaries are used at the southern and northern boundaries of the domain. The depth of the ocean is limited to 3000 m, which roughly corresponds to the depth of the North Atlantic Deep Water cell in the real ocean (Talley 2003) and there are 30 vertical levels with thicknesses increasing away from the surface. Model topography is derived from the 18 3 18 Scripps dataset.
The boundary conditions at the free surface and the lateral sponge layers have a form of restoring to the annual-mean values of the temperature and salinity derived from the high-resolution ( 1 /48) analyses of the world's oceans (Boyer et al. 2005) . The restoring time scales for temperature and salinity are 60 and 180 days (for a 50-m mixed layer), respectively. The annual-mean zonal and meridional components of the surface wind stress are derived from the National Centers for Environmental Prediction (NCEP) 1979-2001 reanalysis.
Most of the horizontal mixing of momentum, temperature, and salinity is done by the explicitly simulated mesoscale eddies. Small horizontal biharmonic viscosity and diffusion is retained in the model in order to represent submesoscale mixing processes; the coefficients are 10 11 m 4 s 21 and 10 10 m 4 s
21
, respectively. Vertical diffusion is kept at a realistic low value for the ocean above rough topography of 10 25 m 2 s 21 (Ledwell et al. 1993 ). Alternating multiple zonal jets are clearly seen in the time-averaged zonal velocities at all depths. Below approximately 200 m they dominate the time-mean zonal flow (Fig. 1a) . In the subpolar gyre, the jets are both strong and nearly steady, whereas in the subtropical gyre they change their position with time, resulting in their weaker time means (KBP09). The jets are ''latent,'' because strong mesoscale variability tends to mask them in the entire domain (Fig. 1b) . Because of this latency, it is unclear to what extent the material transport properties are dominated by the jets and this is one of the main questions we raise. The regions of zonal acceleration and deceleration of the jets correspond to significant time-mean meridional velocities (not shown). The jets can, therefore, affect Lagrangian particle spreading through the two-dimensional shear dispersion. As in KBP09, our analysis is concentrated on the western part of the basin, where the jets are most pronounced. Note also the apparent anisotropy of the transient eddies; eddies tend to increase in strength westward, particularly in the subpolar and northern subtropical gyres, and tend to be zonally elongated (Fig. 1b) . 3164 starts with 90 000 floats that are uniformly distributed between 22 and 2900 m and within two horizontal ''box'' regions ( Fig. 1) in the subtropical and subpolar gyres. Solid meridional boundaries and western boundary currents can, respectively, inhibit zonal and enhance meridional motions of the particles. To estimate the sensitivity of the results to the particle positions, we split the full ensemble of particles into two equal subgroups. These are based on the particle initial longitudes of the westernmost and easternmost groups. Our analysis shows that during the 180 days of each run the easternmost half of the particles do not reach the solid boundaries everywhere, except in the upper layers of the subpolar gyre, where strong eastward currents carry the particles toward the solid eastern boundary. In the latter region, the westernmost subgroup remains away from the solid boundaries at all times. Note that the boundary effects will inevitably become important if the experiments were continued for a longer period of time. To make sure that the boundary effects do not change the conclusions, we carry our analysis for the westernmost particles in the upper subpolar gyre and for the easternmost particles in the rest of the domain. We report the difference in results for the westernmost and easternmost subgroups wherever appropriate; however, these differences do not affect the conclusions.
In our Lagrangian analysis, the particle advection is corrected for the ''gyre advection,'' which is defined as the time-mean velocities smoothed with the sliding mean 58 3 58 spatial filter. This correction is done by subtracting a portion of particle displacement that is due to the gyre advection only. Thus, the analysis focuses on the particle displacements due to the joint effect of the transient circulations (such as geostrophic eddies) and concentrated time-mean currents (such as zonal jets). In addition to the standard runs described above, we also performed 12 ''eddy-only'' simulations in which the particles are advected by the zonal and meridional velocities with the removed time-mean component. This effectively eliminates the influence of the shear dispersion associated with the zonal jets and isolates the effects of the transient eddies.
The zonal and meridional dispersions for a group of N particles are defined as
where x n and y n are the zonal and meridional ''corrected'' displacements of an nth particle from its initial position; X and Y are the ensemble-mean displacements shown here:
The rate at which D x and D y increase with time is then used to define the zonal and meridional spreading rates:
The asymptotic behavior of (2) at long times is traditionally used to characterize different dispersion regimes (e.g., LaCasce 2008). In particular, the diffusive regime corresponds to the linear increase of the dispersion with time and (2) provides an estimate for the zonal and meridional diffusivities, assuming that the diffusivity tensor is diagonal along x and y.
In the following analysis we will use the difference between the zonal and meridional spreading rates to describe the anisotropy of the material transport by the flow. Additionally, we will analyze changes in the spreading rates with time, distribution of the spreading rates in the meridional and vertical directions, and the east-west (north-south) asymmetry in the zonal (meridional) material transport.
a. Zonal and meridional spreading rates:
Time dependence
We first describe the changes in the zonal and meridional spreading rates with time, over a period of 180 days. Initially rapid changes of both K x and K y slow down considerably after approximately day 50 (see Fig. 2 ). The spreading rate in the zonal direction K x , however, continues to increase at later times and thus exhibits ''superdiffusive'' behavior. We compute K x values separately in the upper ocean (upper 360 m, Fig. 2a . The maximum values in their study were found in the Gulf Stream
extension area, which is excluded from this analysis because of very strong advective effects. The results between the easternmost and westernmost subgroups in the deep ocean are qualitatively similar but differ in the upper ocean as a result of the boundary effects. In particular, the values of K x for the easternmost group in the upper-ocean subpolar gyre decrease with time. The meridional spreading is significantly slower than the zonal one, and K y also increases with time at a significantly slower rate. In the upper subtropical gyre, the spreading in the meridional direction is superdiffusive, with the values increasing between 1500 and 1900 m 2 s 21 . In the deep subpolar gyre and everywhere in the subtropical gyre, the spreading rate fluctuates around a local constant value and does not exhibit a significant trend. . The meridional spreading rates are qualitatively similar between the easternmost and westernmost subgroups. However, the easternmost group in the upper-ocean subpolar region and the westernmost subgroup elsewhere exhibit slightly larger spreading rates than those in Fig. 2 .
The action by transient eddies is the main cause of the superdiffusive zonal spreading in the subtropical and deep subpolar gyres. In the eddy-only simulations in these regions, the values of K x (dashed lines) still increase with time. Only the upper-ocean subpolar gyre (Fig. 2a) exhibits nearly diffusive dispersion in the absence of the time-mean currents. The zonal spreading is also noticeably reduced from the standard runs because the reduction is particularly significant (a factor of 3) in the upper subpolar gyre. In contrast, the values of K y in the upper subtropical gyre are nearly constant in the eddyonly simulations. Another noticeable effect is the sharp increase in the meridional spreading rate in the upper subpolar gyre caused by the removal of the time-mean advection (Fig. 2b) . The effects of the time-mean advection on the meridional dispersion in the deep ocean are nearly negligible (Fig. 2d) .
b. Zonal and meridional spreading rates: Spatial distribution
In this section, we describe the nonuniform distribution of the zonal and meridional spreading rates in the vertical and meridional directions. For the analysis, we discuss the time averages of K x and K y between days 100 and 180. The resulting mean spreading rates, denoted by k x and k y , would be equivalent to diffusivities if the spreading were purely diffusive. We first calculate k x (z) and k y (z) for all particles that are initially located within 100 m of a given depth. Vertical displacements for the vast majority (93%) of the particles are less than 100 m. To account for this nonlocality, 1 the spreading rates are smoothed by a 200-m sliding mean filter.
The largest spreading rates are found in the subtropical gyre (Figs. 3a,c) , approximately 10 500 m 2 s 21 for k x and 2800 m 2 s 21 for k y at the surface and k x 5 2750-2850 m 2 s 21 and k y 5 140-180 m 2 s 21 below 1000 m. The spreading also becomes less isotropic with depth. The measure of spatial anisotropy, defined here as a ratio between zonal and meridional diffusivities, is 3.75 at the surface and reaches a maximum of 22.4 at 750-m depth (Fig. 4a) . In contrast to the subtropical gyre, the spreading becomes more isotropic with depth and the measure of spatial anisotropy in this region decreases from 7.0 at the surface to less than 3.0 near the bottom (Fig. 4c) .
The effect of the time-mean currents on the particle dispersion is modest everywhere, with a noticeable exception in the upper-ocean subpolar gyre. In the eddyonly simulations, both zonal and meridional spreading rates are reduced and the spreading also becomes more isotropic (Figs. 4a,c) . The removal of the jet advection causes the depth-averaged measure of anisotropy to decrease from 16.2 to 14.4 in the subtropical gyre region and from 4.9 to 3.0 in the subpolar gyre region. These results signify a modest role of the two-dimensional shear flows in causing anisotropy in the particle spreading.
In the upper-ocean subpolar gyre, the situation is drastically different. In this region, the meridional spreading rate increases sharply (by 50% at the surface) and the zonal spreading rate decreases when the time-mean advection is removed. This result suggests that the effects of the time-mean advection are consistent with those of the one-dimensional, meridionally sheared flow. The corresponding shear dispersion would enhance the zonal and reduce the meridional diffusivities (Smith 2005 ) and the removal of the time-mean advection would result in more isotropic spreading. Note that although the spreading in the upper-ocean subpolar gyre becomes more isotropic in the eddy-only simulations, the zonal spreading remains more than twice as large as the meridional one (Fig. 4c) .
Both the zonal and meridional spreading rates reach their maximum values near the surface and decrease with depth ( Figs. 3a-d ; see also Lumpkin et al. 2002) . The downward decrease in the horizontal eddy velocity magnitude (u 2 1 y 2 ) 1/2 (Fig. 5 ) is generally consistent with the downward decrease in the spreading rates. The mean spreading rate k H 5 (k x 2 1 k y 2 ) 1/2 from the eddyonly simulations, nevertheless, decreases less rapidly with depth in the subtropical gyre than the eddy velocity magnitude. The velocity magnitude also cannot explain the difference in the spreading rates between the subtropical and subpolar gyres. In particular, the eddy velocities in the upper 250 m of the subtropical gyre are weaker than in the subtropical gyre, whereas k H in the subtropical gyre is always greater than in the subpolar region.
Can the strong anisotropy of mixing be explained by the presence of zonally elongated eddies? As will be demonstrated in the appendix, transient eddies with the large aspect ratio (the ratio of the zonal to meridional scale) correspond to predominantly zonal time-mean Lagrangian velocities. The eddies in Fig. 1b are indeed   1 The diffusivities are never strictly local, because of substantial particle displacements; rather, they can be interpreted as average diffusivities within the volume populated by the corresponding particles.
visibly stretched in the zonal direction. To further explore this property of eddies, we calculate the timemean discrete energy spectral densities for zonal and meridional eddy velocities within the subtropical and subpolar box regions in Fig. 1 . To quantify the importance of zonally elongated eddies, we define them as modes with an aspect ratio larger than 3 /2. We also define meridionally elongated eddies as modes with the aspect ratio smaller than 2 /3, and ''round'' eddies as those with an aspect ratio greater than 2 /3 but less than 3 /2. We then sum energy spectral densities P k,l within each group and for both zonal and meridional velocities and normalize the results by the total energy. The results (Figs. 4b,d ) provide an estimate of the portion of the total eddy kinetic energy (EKE) corresponding to each of the three classes of eddies:
The spectrum is dominated by zonally elongated eddies, with P zon being between 0.46 and 0.5 in the subtropical and between 0.56 and 0.63 in the subpolar gyres. This is consistent with the predominantly zonal material transport in this model. Round eddies have secondary importance and meridionally elongated eddies are the least important in both regions. Unlike the measure of anisotropy k x /k y , however, the relative importance of the zonally elongated eddies does not increase significantly with depth in the upper half of the subtropical gyre. Additionally, P zon is larger in the subpolar region than in the subtropical one, whereas the k x /k y ratio is significantly larger in the subtropical region, particularly in the eddy-only simulations. The relative importance of the zonally elongated eddies is not, therefore, sufficient to explain changes in the anisotropy of the material transport with depth and between the subtropical and subpolar regions.
We next analyze the meridional structure of the material transports and calculate the mean spreading rates for all particles that are initially located within 0.58 of each latitude. Our approach is to assume that the mixing properties are uniform in the zonal direction-a debatable but useful assumption in this study. Figure 6 shows the resulting k x ( y) and k y ( y) for the upper ocean (upper 360 m). The distribution is qualitatively similar at other depths. The definition of local spreading rates is complicated by particle displacements; in the meridional direction it is approximately 1.58 on average. To account for the resulting nonlocal nature of the computed spreading rates, we smooth the results with a 38 sliding mean filter. The corresponding values are calculated for the westernmost subgroup of particles in the subpolar gyre and for the easternmost subgroup in the subtropical gyre. The zonal and meridional spreading rates, k x ( y) and k y ( y), vary with latitude in the wide ranges of 1750-12 600 and 230-2900 m 2 s
21
, respectively, and the largest values are at 288-308N (Fig. 6) . The location of this maximum coincides with the latitude of maximum variance in our model but is noticeably southward of a similar maximum in the observation-based estimates in Lumpkin et al. (2002) , where it is located near 408N. The overall meridional structure does not exhibit any significant correlation with the positions of the zonal jets, which can be partly due to the nonlocality of our estimates of the spreading rates. It is tempting, nevertheless, to interpret this lack of correlation as another manifestation of the modest role of the jet advection in the particle spreading. The local values of the spreading rates diagnosed from the eddy-only simulations are, however, noticeably different from those in the standard run. The largest differences are observed in the subpolar gyre (Figs. 3b,d and Fig. 6 ), where the zonal spreading rate k x ( y) is reduced by more than 60% and the meridional spreading rate k y ( y) is more than doubled. The changes are more modest in the subtropical gyre region, where the average zonal spreading is hardly changed, but the average meridional spreading rate is reduced by nearly 40%. The removal of the time-mean advection also leads to the southward shift in the k x ( y) maximum. The differences in zonal spreading rates between the standard and eddyonly cases in the deep ocean are very small.
c. Asymmetry in the material transport
Here, we analyze the difference between the eastward and westward spreading and the difference between the northward and southward spreading. We introduce the following convenient measures of such asymmetry, the normalized ensemble-mean displacements:
, (4) where T 5 180 days. If all particle displacements are in the same direction, the functions defined by (4) will be 61. Alternatively, if particle displacements are purely symmetric, a x and a y will be zero. In the case of the equal FIG. 5 . Eddy velocity magnitude (u 2 1 y 2 ) 1/2 and the mean spreading rates. Velocity magnitudes, area-averaged within the subtropical (heavy solid) and subpolar (heavy dashed) box regions ( Fig. 1) , are shown as functions of depth. Both functions are normalized by the mean value of the eddy velocity magnitude at the surface in the subtropical gyre. Also shown are the magnitude of the spreading rate k H 5 (k x 2 1 k y 2 ) 1/2 in the subtropical (thin solid) and subpolar (thin dashed) regions for the eddy-only simulation. Both functions are normalized by the value of k H at the surface in the subtropical gyre.
number of particles moving in the westward and eastward directions, a x taking the value of, for example, 0.3 implies that the average eastward displacement is 86% greater than the westward one. As in (1), the displacements in (4) are corrected for the large-scale advection.
The results demonstrate asymmetric spreading, particularly in the zonal direction (Fig. 7) . The measure of zonal asymmetry a x exceeds the value of 60.3 at several locations, indicating significant asymmetry in the ensemblemean zonal particle displacements. In the upper 360 m of the subpolar gyre and in the southern part of the deep subtropical gyre, the maxima in a x coincide with the jet axes. The removal of the time-mean advection in the eddy-only experiments results in the drastic reduction in the size of a x , which indicates nearly symmetric particle displacements. These facts suggest that the zonal displacements of particles are ''skewed'' by the jets in these regions. The opposite situation is observed in the upperocean subtropical gyre and in the entire deep ocean north of 278N. Here, the magnitude of a x is similar between the standard and eddy-only cases and exhibits maxima that do not appear to be associated with the jets. The average magnitudes of a x in the upper and deep ocean are 0.2 and 0.16 in the standard and 0.17 and 0.16 in the eddy-only cases. A measure of asymmetry in the meridional direction has an average magnitude of 0.22-0.2 in the upper and 0.12-0.11 in the deep ocean in the standard eddy-only cases.
To further quantify the asymmetry in the particle spreading, we calculate the skewness of the particle distribution at day 180, both in the zonal and meridional directions: 
Unlike the measure (4), the skewness in (5) describes the asymmetry in the particle distribution around the ''center of mass'' of all particles in the group. In the upper subpolar gyre, such distribution is nearly symmetric with respect to the center of mass and the magnitudes of zonal and meridional skewness vary between 0.1 and 0.16 for both standard and eddy-only cases (Table 1 ). In contrast, the upper subtropical gyre in the standard case exhibits an asymmetric particle distribution with the zonal and meridional skewness of 0.41 and 20.34. This asymmetry is primarily due to the timemean advection, since in the eddy-only simulations the zonal and meridional skewness is substantially reduced. In the deep subtropical gyre, the particle distribution is significantly asymmetric in the zonal direction with a large negative skewness of 20.53 in the standard and 20.72 in the eddy-only cases. Similarly, in the deep subpolar gyre the skewness in the eddy-only case is also large and negative (20.45). These results are consistent with the westward increase in the velocity amplitude in the deep layers (Fig. 1b) . The distribution of particles in the deep ocean is nearly symmetric in the meridional direction.
Summary and discussion
We present an analysis of the anisotropic properties of the material transport by eddies and eddy-driven timemean currents, as estimated from the trajectories of neutrally buoyant particles in a model of the North Atlantic. The eddy-driven time-mean currents consist of the alternating zonal jets and the meridional motions associated with acceleration and deceleration of these jets. The eddies, therefore, affect tracer distribution in two major ways: 1) by advecting the tracer (direct effect) and 2) by supporting the jets (indirect effect). Neither the direct nor indirect effects can be reproduced by noneddy-permitting simulations and thus have to be parameterized. These two effects are particularly difficult to separate from each other in observational studies and the diffusivity estimates from drifter trajectories include the effects of the alternating time-mean zonal jets. In the numerical simulations like ours, the separation of these effects is straightforward and is achieved with the use of simulations in which the time-mean velocities are removed from the particle advection.
We discuss three main anisotropic properties of the material transport: 1) the difference between the zonal and meridional directions, 2) variations with the latitude and in the vertical, and 3) asymmetry. Spreading rates, which are defined here as half the rate of change in the particle dispersion in the zonal direction, systematically exceed the meridional ones by an order of magnitude. The area-averaged values for the upper-ocean zonal and meridional spreading rates are approximately 8100 and 1400 m 2 s 21 , respectively, and in the deep ocean they are 2400 and 200 m 2 s
21
. The analysis of the simulations with the removed time-mean advection (''eddy-only'' simulations) demonstrates that this anisotropy is mainly due to the action of eddies and not to the shear dispersion associated with the time-mean jets. The direct effect of eddies is also the main cause of the superdiffusive zonal spreading in most of the computational domain (except the upper-ocean subpolar region), of significant variations in the spreading rates in the vertical and meridional direction, and of the asymmetry in the zonal spreading.
The modest role of the shear dispersion of the timemean jets is in contrast to the dramatic effects of the shear dispersion in the flow with an isotropic eddy field and zonally uniform stationary jets, as analyzed in Smith (2005) . We can think of three plausible explanations for the difference. First, the time-mean velocity shear in our study is two-dimensional and its overall effect on tracer spreading is, thus, more complicated than that in the classical shear dispersion problem (Taylor 1953) . Second, our jets are ''latent'' and the flow is dominated by the transient eddies; the secondary importance of the shear dispersion can thus be viewed as another manifestation of the latent nature of the jets. The time-mean jets are particularly weak in the subtropical gyre, and consistent with that the effects of the shear dispersion are weak as well. Additionally, the eddy field in this study is dominated by anisotropic, zonally elongated eddies, which have a longer correlation scale in the zonal direction. Such eddies are expected to result in the predominantly zonal Lagrangian velocities (appendix) and zonal material transport. The term ''shear dispersion'' can, therefore, be equally applied to the dispersive effects of these zonally elongated eddies. These potentially important eddy effects are, however, not straightforward enough to isolate in this study. The only region that is in a general agreement with the properties of the dispersion in the flow with onedimensional shear, as discussed by Smith (2005) , is the upper 500 m of the subpolar gyre. Here, the zonal spreading is substantially weakened and the meridional spreading is enhanced in the eddy-only simulations, as compared to the standard runs. The spreading in this region is, therefore, more isotropic in the eddy-only simulations. However, the difference between the zonal and meridional transports in the eddy-only simulations is still large (more than 100%) even in this region. The removal of the time-mean advection by the jets and their meridional currents also results in the nearly diffusive spreading of particles in the upper-ocean subpolar gyre, whereas the zonal spreading is almost always superdiffusive in the rest of the domain. These results are largely consistent with the fact that the jets are particularly strong and nearly steady in the subpolar region.
Spatial variations in the spreading rates are large everywhere. Spreading rates decrease away from the surface, in accordance with the downward decrease in the eddy variance. The spreading in the subtropical gyre becomes less isotropic with depth, whereas in the subpolar gyre it becomes more isotropic with depth. This difference between the gyres is explained by the effects of the jets, because in the eddy-only simulations both regions exhibit less isotropic spreading rates in the deep ocean than near the surface. The spreading rates also vary strongly in the meridional direction, and most significantly many properties of the material transports discussed in this study differ between the subtropical and subpolar gyres. Significant dynamical differences between these two regions were reported in KBP09 for the same model, but the reasons for the differences were not determined. They are possibly tied to the more unstable background flow and more uniform stratification in the subpolar region. The difference between the subtropical and subpolar gyres can also be explained by the more prominent topography in the latter region, since the drifters in the real ocean are shown to follow the f/H contours (LaCasce 2000).
The amplitudes and anisotropic shapes of eddies are generally consistent with some properties of the material transport but do not fully explain the dependence of the spreading rates on depth and latitude. In particular, and largely in concert with the spreading rates, the eddy velocity magnitude decreases with depth but cannot explain large differences in the spreading rates between the subtropical and subpolar gyres. The eddy field is also dominated by eddies elongated in the zonal direction, as is visible from the velocity plots and confirmed by the analysis of the spatial spectra. The relative importance of the zonally elongated eddies, however, is not sufficient to explain changes in the material transport with depth and latitude. Most notably, very strong anisotropy in the material transport in the subsurface subtropical gyre remains unexplained by the above arguments.
Our analysis results in the estimates of the average zonal and meridional spreading rates. In particular, our estimated values for K x are significantly larger than the values for horizontal or isopycnal tracer diffusivities typically used in non-eddy-permitting models (200-1000 m 2 s 21 ). However, caution should be exercised if these values are used as guidance for the diffusivities in non-eddy-permitting models. The direct comparison between the eddy-permitting and non-eddy-permitting simulations is challenging, partly because of the very different time-mean circulations. We also find that the zonal spreading of particles in our model is superdiffusive, at least during each 180-day simulation, which is primarily due to the eddy rather than the time-mean advection. In contrast, the meridional spreading is more consistent with the diffusive model. Proximity of the solid boundaries, however, precluded us from examining the spreading regimes at significantly longer times, which are sometimes needed to approach a purely diffusive regime (Lee et al. 2009 ). The difference between the zonal and meridional dispersion regimes is in agreement with Berloff et al. (2002) , who reported similar behavior in the western part of their double-gyre model. These nondiffusive effects cannot be captured by a diffusive model but can have potentially important implications for tracer studies. It is not clear how such effects can be parameterized in non-eddy-permitting simulations.
The material transports due to eddies and eddy-driven currents also tend to be asymmetric, particularly in the zonal direction. The normalized ensemble-averaged displacements demonstrate that several time-mean zonal jets act to set the preferred direction for the zonal material transport. This property makes it possible to detect zonal jets in the distributions of tracers that have strong zonal gradient. The transient eddies also cause significant asymmetry in spreading, particularly in the deep ocean, as demonstrated by the eddy-only simulations. This is further illustrated by the skewness in the particle distribution, which, in the zonal direction, tends to be large and negative in the deep layers of the eddy-only simulations. The westward increase in the eddy variance is the most plausible cause of negative skewness in the deep ocean. Additionally, nonuniform spatial distribution and temporal increase of zonal spreading rates can also result in spreading asymmetry. The significance of the reported anisotropy for distribution of oceanic tracers remains to be addressed. Distribution of any tracer is a result of a complicated interplay between the time-mean advection, convection, and mixing by eddies and small-scale processes (e.g., Booth and Kamenkovich 2008 ). Large differences between the zonal and meridional directions, as well as nondiffusive eddy-induced transports in the zonal direction, call for further studies. and an anonymous reviewer for their helpful advice on improving this manuscript. Funding for IK was provided by NSF Grants OCE 0346178, 0749722, and 0842834. Funding for PB was provided by NSF Grants OCE 0344094 and OCE 0725796 and by the research grant from the Newton Trust of the University of Cambridge. For JP the acknowledgement is to NSF OCE-0451086.
APPENDIX

Time-Mean Lagrangian Velocities in an Elongated Eddy
Consider a wavelike geostrophic disturbance with the streamfunction of the form c 5 h(x, y) cos(kx 1 ly 2 vt), where (k, l) are the zonal and meridional wavenumbers, v is the frequency, and h(x, y) is the amplitude function. The zonal and meridional velocities are then given, respectively: u 5 À ›h ›y cos(kx 1 ly À vt) 1 hl sin(kx 1 ly À vt), y 5 ›h ›x cos(kx 1 ly À vt) À hk sin(kx 1 ly À vt).
The Lagrangian velocity of a fluid element is given, to the first order, by
where the particle displacements j x and j y can also be easily calculated from (A1): 
Averaging (A2) over the time period 1/v leads to the following expressions for the time-mean Lagrangian velocities u L and y L :
The orientation of the time-mean Lagrangian velocity is determined, to a large extent, by the ratio between the zonal and meridional scales of the amplitude function h(x, y). If the zonal scale is considerably longer than the meridional one, the Lagrangian velocity is nearly zonal. For a Rossby wave in a channel 2L , y , L, l 5 0, h(x, y) 5 A sin[(pn/L)y], and the time-mean Lagrangian velocity is purely zonal.
